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The electric double layer (Cp) and electrode quantum (Cgp) capacitances of graphene-based su-
percapacitors are investigated using a combined molecular dynamics and density functional theory
approach. In particular, we compare an approach that includes electronic polarization to one that is
polarization-free by evaluating both Cp and Cyp using [EMIM][BF] ionic liquid as a model electro-
lyte. Our results indicate that the inclusion of polarization effects can yield higher Cp values—in this
study by up to 40% around +2 V—which we attribute primarily to the presence of charge smearing at
the electrode-electrolyte interface. On the other hand, we find that the polarization-induced distortion
of the electronic structure of graphene does not noticeably alter the predicted Cp. Our analysis
suggests that an accurate description of the spatial charge distribution at the graphene interface due
to polarization is necessary to improve our predictive capabilities, though more notably for Cp. How-
ever, the conventional polarization-free approximation can serve as an efficient tool to study trends
associated with both the Cyp and Cp at the interface of various graphene-like materials. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4905328]
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On the influence of polarization effects in predicting the interfacial structure
and capacitance of graphene-like electrodes in ionic liquids

. INTRODUCTION

Electrochemical double layer capacitors (EDLCs), or
supercapacitors, are a class of energy storage devices known
for their large power densities and long lifetimes.!> As such,
supercapacitors have become increasingly favored for use in
high-power applications such as hybrid or electric vehicles,
communications, load-leveling, back-up power systems, and
portable electronics.’* However, the wide-spread utilization
of supercapacitors has been stagnated by their limited energy
density. Within the last several years, researchers have
proposed graphene-based materials and ionic liquids (IL) as
candidates for the electrode and electrolyte, respectively.’~
Based on these two materials, many efforts have been
dedicated towards discovering the underlying mechanisms at
the electrode-electrolyte interface in order to develop design
strategies to improve the energy density.

Advances in computational capabilities have propelled
the use of molecular simulation towards understanding the
atomistic phenomena at the electrode-electrolyte interface.
In particular, classical molecular dynamics (CMD) has been
commonly used to study the electric double layer capacitance
and microstructure of various graphitic-IL interfaces.'%-1¢
The CMD method relies on the careful selection of force
fields that can emulate the interatomic interactions of the
electrolyte and electrode. In the past, non-polarizable force
field frameworks, as implemented in CHARMM,'” AMBER, '8
and OPLS,'? have been popular options due to their simplicity
and inexpensive computational burden, which can be further
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reduced with the adoption of coarse-grained approaches, and
are often re-parameterized for each IL pair studied. In order
to predict the microstructure of the EDL using these force
fields, it is especially important to accurately describe the
electrostatic interactions. The simplest and most prevalent
approach is to assign fixed partial charges to each atom; in
the case of metallic electrodes, excess charge is distributed
uniformly or held at the so-called constant charge condition.

Recently, the validity of the constant charge condition has
been questioned by several researchers. Merlet and coworkers
demonstrated that by allowing the fluctuation of the partial
atomic charges, according to the variational principle (the
so-called constant potential condition), the predicted EDL
microstructure was slightly perturbed; the computed EDL
capacitances, however, were in good agreement with results
from constant charge simulations.? Vatamanu and coworkers
have also shown that the same constant potential treatment can
be used to accurately predict double-layer relaxation times.”!
Here, we should note that the electrode atoms were modeled
as Gaussian charge distributions which may not account for
the true electric polarizability due to its inherent symmetry. In
addition, the electrolyte atoms were kept as fixed point charges
throughout the simulations. As such, a comprehensive study
on the influence of electric polarizability in predicting the EDL.
capacitance is currently lacking.

Beyond the EDL capacitance, several theoretical studies
have indicated that the electrode quantum capacitance is
also an important contributor to the overall capacitance of
graphene-based supercapacitors.”>?” The quantum capaci-
tance is related to the electronic density of states (DOS), which
can be evaluated using quantum mechanical calculations. Prior
efforts have typically evaluated the DOS of the electrode in
the absence of the electrolyte. However, it is still unclear

©2015 AIP Publishing LLC
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the extent to which interactions with the electrolyte may
modify the electronic structure and subsequently, the quantum
capacitance.

In this work, we investigate the efficacy of classical
methods which exclude electronic polarization effects in the
computation of the total interfacial capacitance, which depend
upon the EDL and quantum capacitances, using [EMIM][BF,]
and graphene as a model system. First, we compare the spatial
charge distribution and EDL capacitances as calculated using
classical force fields and density functional theory (DFT), the
latter of which inherently considers electronic polarization. We
then compare the calculated DOS and quantum capacitance of
graphene in the presence and absence of [EMIM][BF,]. Our
results demonstrate that the predicted interfacial capacitance
can be sensitive to polarization effects primarily due to
differences in the estimated Cp.

Il. COMPUTATIONAL DETAILS
A. Classical Molecular Dynamics

We employed CMD simulations with the all-atom
OPLS force field'>*® to determine the microstructure of
[EMIM][BF,] near the graphene electrode, using the Large-
Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) program.?’ As illustrated in Fig. 1, our simulation
cell consisted of 15 [EMIM][BF,] ion pairs in contact with
a graphene electrode; the dimensions of the system were
12.816x12.332x 50 A3, corresponding to 60 C atoms in the
electrode, and were periodic only in the x and y directions. For
charged systems of o = +10.14 uC/cm?, we assigned equally
distributed excess charge to the C atoms in graphene; an extra
counterion was added to the electrolyte to maintain charge
neutrality. The position of each atom in graphene was held
fixed throughout the simulations.

We ran CMD at 700 K for 2 ns, followed by 3ns at 313 K
to equilibrate the system, which we find to be sufficiently
long to achieve thermal equilibrium (Figure S1).° After
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F

FIG. 1. Schematic of EMIM, BF4, and the simulation domain containing a
graphene sheet and 15 [EMIM][BF4] ion pairs. Each C/N/H (graphene and
EMIM) and B/F (BF,) atom is depicted by grey/blue/white and green/pink
balls, respectively.
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equilibration, the final configurations were used to continue
a 1.5 ps production run using both CMD and ab-initio MD
(AIMD, as described below); this is sufficiently long to gather
statistics from thermal fluctuations without greatly perturbing
the microstructure. All simulations were run in the NVT
ensemble with the temperature controlled by a Nose-Hoover
thermostat® with a time step of 1 fs. Spherical cutoffs of 10 A
and 12 A were used for the Lennard-Jones (LJ) and Coulomb
interactions, respectively. Electrostatic interactions beyond the
cutoff were calculated using the Ewald summation method;
the inter-slab interactions in the z direction were removed
by inserting a large vacuum space outside of the graphene
sheets.>*3 We employed the force field (FF) parameters for
EMIM and BF, from Refs. 34 and 35, respectively, while the
LJ parameters of graphene were from Ref. 36. All MD res-
ults reported herein were obtained from the average of 30
independent simulations with different initial atomic config-
urations.

B. Density Functional Theory

We performed AIMD simulations for 1.5 ps at 313 K
within the Born-Oppenheimer approximation using the equil-
ibrated configurations from CMD (see above) as initial
atomic positions. Geometric optimization was performed
before each AIMD simulation to ensure that all forces were
minimized below a tolerance of 0.02 eV/A. The potential
energy surfaces were generated using DFT within the Perdew-
Berke-Ernzerhof generalized gradient approximation®’ with
dispersion corrections from the Grimme method (DFT-D2),
as implemented in the Vienna Ab-initio Simulation Package™
(VASP) using only the I' point. The projector augmented wave
method with a planewave basis set was employed to describe
the interaction between the core and valence electrons. An
energy cutoff of 350 eV was applied during the AIMD
simulations. The final configurations were used to perform
single-point electronic structure calculations with an increased
energy cutoff of 400 eV and 6 x6x 1 I'-centered Monkhorst-
Pack*’ k-point mesh.

lll. RESULTS AND DISCUSSION

The total interfacial capacitance (Cr) depends upon the
electrode quantum capacitance (Cp) and electric double layer
capacitance (Cp) which are in series (i.e., 1/Cr=1/Co
+1/Cp). In fact it is known that for supercapacitors with
graphene-like electrodes, Cp and Cp can be of comparable
magnitudes; it is therefore critical to accurately estimate both
capacitances. In Secs. III A and III B, we compare the extent
to which the inclusion of electronic polarizability influences
both the predicted Cp and Cp of graphene immersed in
[EMIM][BF,] ionic liquid.

A. Microstructure and electric double layer
capacitance

In the literature, Cp is often reported using either its
differential (do/d¢p) or integral (o/[¢pp-¢~]) forms, where



024701-3 Paek, Pak, and Hwang

CMD AIMD
4
(a)o=0 (b)o=0
3 F
1 EMIM
2f — BF, I
l L -
0
— () 6=10.14 (d)o=10.14
g 3
I
sibin
0
(&) 6=—10.14 ) 6=-10.14
3t
2t
1 F
0
0 10 20 300 10 20 30

Distance from the electrode (A)

FIG. 2. Mass density (p,,) profiles for EMIM and BF, in the direction
normal to graphene using classical (CMD, left) and ab-initio (AIMD, right)
molecular dynamics at the listed excess surface charge densities (o= in
uC/cm?). Note that both EMIM and BF; profiles taper beyond 25 A as our
simulations are limited to a finite number of ion pairs.

o is the excess electrode surface charge and ¢p (¢2) is the
potential drop within the EDL (potential of zero charge).
However, of the two, the integral Cp is more commonly
reported as it directly indicates the total charge storage
performance of a supercapacitor; as such, the integral Cp
is also used in this work. In order to evaluate the Cp, we
first determine ¢p at different o from the charge density (p,)
distributions at the interface; our focus here is to isolate the
influence of charge polarization on p, with respect to a given
IL ion arrangement. Therefore, in this section, we compare
the p,, pg, and ¢p as determined using CMD and AIMD.
Figure 2 shows a comparison between the p,, of EMIM
and BF, near graphene using CMD and AIMD. Near the
uncharged electrode [Figs. 2(a) and 2(b)], it is evident that the
predicted p,, profiles using CMD and AIMD are qualitatively
similar. For example, both EMIM and BF, profiles exhibit
a peak around 3-4 A away from the electrode; this peak is

J. Chem. Phys. 142, 024701 (2015)

especially distinct for EMIM, suggesting that the cation has
a tendency to flatten and align parallel to the electrode due
to van der Waals interactions, similarly to other imidazolium-
based ILs.'%?2#! Note that slight discrepancies between peak
positions and broadness can be expected as a result of thermal
fluctuations. Further away from the electrode, each of the
EMIM and BF, profiles are relatively flat with nearly equal
magnitude, as charge neutrality must be maintained,”” with
average density 1.24 and 1.29 g/cm® using CMD and AIMD,
respectively, which is in good agreement with experimental
values.*?

When the electrodes are charged, the similarities between
the predicted p,, profiles using CMD and AIMD persist. At
o=10.1 ,uC/cm2 [Figs. 2(c) and 2(d)] and o = —-10.1 uC/crn2
[Figs. 2(e) and 2(f)], both simulation methods display a
distinctly sharp counterion profile near the electrode while
the coion profile is suppressed; this is due to electrostatic
attraction (repulsion) of the counterions (coions) with the
electrode. The accumulation of counterions at the electrode
interface triggers the successive formation of layers that
alternate between coions and counterions, as indicated by the
offset oscillations of their respective p,, profiles, which is
also observed for other IL pairs.'"'3?2 The distinct similarity
between the microstructures predicted by the two CMD and
AIMD methods suggests that the potential energy surface
of the system is comparable enough to retain the same
molecular configuration within 1.5 ps despite the inclusion
of charge polarization when using AIMD. We have further
tested the evolution of the microstructure over 6 ps at a larger
temperature of 450 K (Figure S2), in which we find the EDL
structure to be qualitatively similar although the IL layers
are predicted to be less rigid in the AIMD case; additional
discussion can be found in the supplementary material.

We nextinvestigate the differences in p, when using CMD
and AIMD as shown in Figs. 3(a)-3(c). In the CMD case, p,
is computed based on the positions and partial charges of
each atom (the electrode charge is not included). On the other
hand, the p, of the AIMD case is approximated based on
the valence charge density differences.*’ Given the similarity
between the microstructures, we are effectively investigating
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the possible charge broadening due to polarization. We observe
two stark differences between the two simulation techniques.
First, p, is constant and zero in the region between the
electrode and electrolyte in the CMD case (within 3 A of
the electrode), whereas the AIMD profile exhibits shallow
(substantial) charge fluctuation in the neutral (charged) cases.
Second, the p, profiles using CMD tend to be jagged and
abruptly oscillate between positive and negative charge in
contrast to the broadened and smoothly transitioning profiles
using AIMD. Both of these observations can be attributed
to the disparity in the treatment of charge—CMD simplifies
the charge density using the aforementioned fixed point
charge approximation while AIMD allows the spatial charge
spreading through the use of a finely discretized grid; it is
also possible that the limited sampling of microstates (the
so-called sample size effect) can also partially account for
the large variation seen in the CMD case. Additionally in the
latter case, the m orbitals of graphene are polarized toward the
IL ions [as seen from the band decomposed charge density
isosurfaces from AIMD]; we note that this surface charge
smearing towards the EDL should be appreciable in metallic
electrodes.

From p,, we subsequently solve for the spatial variation
of ¢ by solving Poisson’s equation (V¢ = —pg4/€, where &
is the vacuum permittivity). In the CMD case, we assume
an implicit electric field strength at the electrode surface
(=0 /€);* in the AIMD case, however, no assumptions are
necessary since the electrode charge is explicitly included in
pg- The resulting ¢ profiles are shown in Figs. 3(d)-3(f). From
the uncharged case [Fig. 3(d)], the ¢~ is equivalent to the ¢p,
which is the difference between the bulk IL potential (in this
case, the ¢ far away from the electrode) and the electrode
surface potential. Here, we find that the ¢ calculated from
CMD and AIMD are 0.15 V and —-0.61 V, respectively. We
should clarify, however, that these values are not necessarily
physical and only demonstrate the differences in the predicted
¢z. Due to sample size effects, more quantitative calculations
would require more extensive sampling with either a larger
simulation domain or length of time, which is currently a
non-trivial challenge for AIMD and outside the scope of this
work.

When the electrodes are charged [Figs. 3(e) and 3(f)], it
can be seen that the computed ¢p is consistently lower in
magnitude using AIMD compared to that of CMD; the ¢p is
estimated to be 1.79 and 2.44 V at the cathode (or —1.90 and
—2.47 V at the anode) using AIMD and CMD, respectively,
when o = 10.1 uC/cm? (=—10.1 uC/cm?). This can be largely
attributed to the variation of ¢ in the region (around 3 A
in thickness) between the electrode and electrolyte. Notably,
the magnitude of ¢ tends to increase to a greater extent
when using CMD; this suggests that the local electric field
strength is overestimated when charge polarization effects
are excluded; this attribute remains when the system is
simulated at 450 K over 6 ps (Figure S3). However, we
also observe that while the discrepancy in ¢ at the interface
can be large, this discrepancy can be mitigated as evidenced
near the anode. This is likely related to the fact that the
effective screening of the electric field by the EDL ions is
dependent upon the degree of counterion-coion segregation,
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which is comparatively less stringent near the anode; similar
phenomena has been predicted for [BMIM][PF¢] near planar
and curved electrodes.>>?® Nonetheless, we emphasize that
the EDL potential drop can be well-approximated by the
variation up to the first IL layer (typically 1.0—1.5 nm thick),
which can also be seen in previous studies of different IL
systems.*® Beyond the first IL layer, the IL ions tend to
have less ionic ordering (analogous to the diffuse layer of
Gouy-Chapman-Stern theory) as the electrode surface charge
is sufficiently screened, thereby resulting in limited fluctuation
of the potential. Hence, to determine Cp, it is most critical to
describe the microstructure, and more importantly the spatial
charge distribution, within the first IL layer.

We can now compare the integral Cp as estimated from
the AIMD (Cp amp) and CMD (Cp, cyp) simulations. At o
=10.1 uC/cm? and assuming ¢z =0V, Cp amyp = 5.67 uF/cm?,
which is 36% greater than Cp cyp =4.16 uF/cm?; with
the inclusion of ¢z, which may range from —0.2 to 0.2 V,
Cp.amp 18 still larger than Cp cpyp by 32%—40%. Similarly
at o =—-10.1 uC/em?, Cp,amp=5.32 uF/cm?, which is 29%
greater than Cp cyp =4.11 ,uF/cmz. These results indicate
that the inclusion of polarization effects, such as through
the use of AIMD, yields larger predicted values for Cp
(although still within an order of magnitude). However, given
the computational burden of such methods, the use of CMD
can serve as an efficient means to evaluate the Cp of various
graphene-like materials immersed in ILs relative to each other.

B. Electronic structure and quantum capacitance

The Cg of a low-dimensional material such as graphene
is defined by the following expression:?>#/

+00
Co= e2/ D(E)Fr(E - p)dE,
where D(E) is the electronic DOS, Fr is the thermal
broadening function [=(4kgT) 'sech’(E/2kgT)], e is the
elementary charge, u is the shift in the electrochemical
potential, and E is the energy with respect to the Fermi level
(EF). As such, Cp profiles tend to closely resemble that of
their DOS after thermal broadening. In the case of pristine
graphene, the valence and conduction bands exhibit conical
band dispersion near the Dirac point which is reflected by
the well-known symmetric and linear DOS near the charge
neutrality point.?>*® In Fig. 4(a), we show the DOS calculated
for pristine graphene* (shaded region).

Figure 4(a) also depicts the total DOS of the graphene
sheet immersed in [EMIM][BF,] with the additional projected
DOS for representative IL ions adjacent to graphene. It is
evident that the DOS of the immersed graphene is nearly the
same as that of free-standing graphene within -2 < E— Ef
< 2 eV, the observed kinks indicate that interactions with
adjacent ILs can slightly modify the electronic structure
and thus the DOS. In addition, we find that the frontier
molecular orbital peaks (i.e., highest occupied, HOMO and
lowest unoccupied, LUMO) for EMIM and BF, are positioned
beyond 2 eV from Ep, implying the unlikelihood of charge
transfer between the electrode and electrolyte. These results
suggest that the Cp of graphene, which is proportional to the
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FIG. 4. (a) Calculated DOS of free-standing graphene (shaded) and graphene
immersed in [EMIM][BF,4] ionic liquid (solid black). Corresponding pro-
jected DOS for EMIM and BF;, are shown as the shaded blue and red regions,
respectively. (b) Polarization-induced variation in the charge distribution
along the graphene lattice calculated using Bader charge analysis. The DOS
plot was obtained from the average of 4 randomly selected configurations.

DOS, is largely unaffected by the interactions with IL ions. On
the other hand, the polarization by IL ions can pointedly alter
the charge distribution along the graphene lattice. Figure 4(b)
depicts the Bader charges when the electrode is uncharged.
Noticeable electronic inhomogeneity (or so-called charge
puddles) is observed in which the charge of any given C
atom fluctuates between —0.012 and 0.012 e. Such charge
puddles may serve as scattering sites and can considerably
suppress electronic conductivity.’>>! Nonetheless, as the effect
of electronic polarizability on the DOS is insignificant,
our findings suggest that the Cp calculated without the
consideration of polarization is sufficiently representative of
graphene-like materials immersed in ILs.

IV. SUMMARY

We have investigated the sensitivity of the predicted
electric double layer (Cp) and electrode quantum (Cp) capac-
itances of graphene-based supercapacitors to the inclusion of
electronic polarization effects. To evaluate the Cp, we per-
formed CMD and AIMD with graphene using [EMIM][BF]
IL as amodel electrolyte. Our results indicate that given similar
microstructures of the electric double layer, the spatial charge
distributions tend to be broader and smoother in the AIMD
case as compared to the CMD case. Notably, the smearing
of the graphene & electrons toward the ionic liquid is well-
represented using AIMD, which subsequently results in up to
a 40% increase in Cp around +2 V. To evaluate the Cp, we
performed density functional theory calculations to compute
the electronic DOS of graphene with and without neighboring
IL ions. Our analysis reveals that the IL interactions do not
noticeably affect the Cg as the DOS is only slightly perturbed

J. Chem. Phys. 142, 024701 (2015)

and charge transfer between the electrode and electrolyte is
unlikely. However, we found that the polarization by ILs
induces charge redistribution along graphene, which can be an
important consideration for other properties such as electrical
conductivity.

Therefore, is it necessary to include polarization effects to
predict the capacitance of graphene-based supercapacitors in
ILs? Our study suggests that the biggest hurdle is to accurately
and easily emulate the surface charge polarization in metallic
electrodes. Nonetheless, before less computational burden-
some approaches are developed, polarization-free methods
remain an efficient means to comparatively evaluate the
capacitance of different graphene-like materials immersed in
ILs.
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